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The mesangium is the central connective core of the individ-
ual lobules of glomerular tufts. The mesangial cells are sur-
rounded by matriceal materials. This mesangial matrix (MM) is
similar in appearance, but not identical to the peripheral gb-
merular basement membrane (GBM). The MM is composed of
more coarsely fibrillar and slightly less electron-dense materials
than that of the GBM observed on conventional ultrathin
sections by electron microscopy. Moreover, the MM is a matter
of interest to many investigators, because it is believed to play
a role in the mediation of molecules passing through the
glomerulus [I, 2], and is involved in a variety of kidney diseases
[31. However, the three-dimensional organization of the MM is
still poorly defined.
The purpose of this study is to clarify the three-dimensional
ultrastructure of the MM in situ by quick-freeze and deep-etch
replica methods at high resolution [4, 5].
Methods
Male Fischer rat kidneys (Charles River Co., Wilmington,
Massachusetts, USA) were perfused with 2% paraformalde-
hyde in 0.1 M phosphate buffer, pH 7.4, for five minutes through
the aorta. The renal cortices were cut into small pieces (2 x 2 x
4 mm) with razor blades and washed in 0. I M phosphate buffer
for 20 to 30 minutes to remove soluble proteins in the glomeruli
from tissue surfaces. They were postfixed with 0.25%glutaral-
dehyde in 0.1 M phosphate buffer for 30 minutes. Then they
were immersed in 10% methanol and quickly frozen in an
isopentane-propane mixture (about —190°C) cooled in liquid
nitrogen [61.
The frozen tissue surfaces were carefully fractured in liquid
nitrogen by a scalpel. They were introduced into an Eiko FD-3S
freeze-fracture machine and deeply etched at a temperature of
—95°C under the vacuum condition of 2 to 6 x l0— Torr for 15
to 20 minutes. After deep etching, the specimens on the rotary
stage were first shadowed with platinum at the angle of 37° for
several seconds, and then rotary shadowed up to a total
thickness of about 2 nm. They were additionally shadowed with
carbon at the angle of 90°. We placed a drop of 2% collod ion in
amylacetate solution on the replicas as soon as the specimens
were taken out from the machine, to prevent the replicas from
breaking into pieces during the following digestion procedure.
The replicas coated with dried collodion were floated on house-
hold bleach for IS to 30 minutes to dissolve the cellular
components. The replica membranes were picked up on Form-
var-filmed copper grids and then immersed in amylacetate
solution to dissolve the dried collodion. They were observed in
a Hitachi H-700 transmission electron microscope at an accel-
erating voltage of 200 kV. Some stereo-pictures were taken at
tilting angles of 5°. Electron micrographs were printed from
the inverted films to make deposits appear white and the
background appear dark.
Results
The quick-freeze and deep-etch methods disclosed that the
mesangium was composed of mesangial cells and mesangial
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Fig. 1. Replica electron micrograph of the glomerulus. A mesangial
cell is located in the center of the mesangium (M). U; urinary space, C;
capillary lumen. x 4,800.
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FIg. 2. Replica electron micrographs of the glonierular jiLt-f acap,//arv reglo,?. A. The mesangial matrix (MM) fills the space between endothelial cells (EN) and
mesangial cells (MC). Note the looser meshwork structure of the MM in contrast to the rather compact meshwork structure of the lamina densa of the GBM. Small
arrows indicate fibrils which connect podocyte membranes with the meshwork of the GBM. Large arrow indicates endothelial fenestra. POD; podocyte, US; urinary
space, CAP; capillary lumen. x 29,000. B. Stcro-pictures of A. Three-dimensional architecture of the mesangium is overviewed. Small arrows indicate filaments which
connect mesangial cell membrane with mesangial matriccal fibrillar structure. Mesangial processes (P) are connected with MM by filaments (large arrow). Mesarigial
matriceal filaments also connect with endothelial cell membrane (long arrow). No overlapping views are involved in the stero-pair in order to enlarge the field of view.
x 71,400. C. Arrowheads indicate fibrils which connect an endothelial cell with the meshwork of MM. Some thicker fibrils (large arrow) are seen. Note several matrix
. II 000
Fig. 3. Replica electron micrographs of the mesangium. A. in
paramesangium, the mesangial matrix (MM) fills the space between
paramesangial glomerular basement membranes (GBM) and mesangial
cells (MC). GBM and MM have meshwork structure. Note the
cytoskeletal network of intermediate filaments and actin filaments in
the MC. Several matrix vesicles are seen (arrowheads). x 32,300. B.
Higher magnification of a part as shown in A. Thick arrows indicate
perpendicularly arranged fibrils in lamina rara externa of the GBM.
Mesangial matriceal fibrillar structure is associated with cell
membranes of the MC (arrows). Long arrows show intramembranous
particles. POD; podocyte, US: urinary space. x 132,000.
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matrix (MM), of two regions; the juxtacapillary region and the
paramesangial region (Fig. 1).
In the juxtacapillary region, the MM was located between
mesangial cells and endothelial cells (Fig. 2). The MM had loose
meshwork structure, which was made up of fibrils of 6 to 10 nm
wide and pores of 32 16 nm (N = 60) in diameter (Fig. 2A).
The GBM, which presumably corresponds to lamina densa, was
composed of similar fibrils of 6 to 10 nm wide, but had rather
compact pores of 16 7 nm (N 60) in diameter. The
meshwork structure of the GBM and the MM gradually trans-
formed each other. The ends of mesangial fibrils were associ-
ated with cell membranes of both endothelial cells and mesan-
gial cells. Stereo pictures showed the three-dimensional
relationship between rnesangial cells and the MM (Fig. 2B). The
meshwork structure of the MM was not two-dimensionally
formed, but organized as three-dimensional "jungle gym-like"
structure. Several mesangial processes were also associated
with the mesangial matriceal fibrillar structure. Filaments (6 to
10 nm wide) formed the cytoskeletal network within the mesan-
gial processes. The endothelial cell was connected with the
meshwork of the MM by fibrillar structure (Fig. 2C). Some
thick fibrils (15 to 18 nm wide) were observed as some compo-
nents of the mesangial matriceal fibrillar structure. Spherical
vesicles (20 to 35 nm in diameter) were sometimes found in
MM, near mesangial cells. These vesicles existed on the fibrillar
structure. Such extracellular vesicles were also seen in parame-
sangial region (Fig. 3A).
In paramesangium, the MM was located between paramesan-
gial GBM and the mesangial cell (Fig. 3A). The mesangial cell
was irregular in shape and had numerous cytoskeletal networks
which were associated with cell organelles. Paramesangial
lamina rara externa was 30 to 40 nm wide, and consisted of
fibrils which connected podocyte plasma membranes perpen-
dicularly with the compact meshwork structure of the lamina
densa (Fig. 313). Intramembranous particles were associated
with these perpendicular fibrils.
Discussion
By employing the quick-freeze and deep-etch method, we
have demonstrated the three-dimensional fibrillar and mesh-
work structure of the MM rarely observed by the conventional
fixation method of electron microscopy. This could be partly
explained by the suggestion that the fixation by osmium tetrox-
ide may have considerable distorting and destructive effects on
various tissue components [7—9].
The fibrils of 6 to 10 nm in width were the main components
of meshwork of the GBM and the MM. The localization of
collagen type IV and V [10], fibronectin [11, 12], laminin [12],
entactin [13] and sulfated glycosaminoglycan were demon-
strated in the MM by immunocytochemistry. Moreover, the
meshwork structure was reported to be organized in vitro by
self-assembly mechanism [14, 15]. The relevance of microfibril-
lar connections between the GBM and mesangial cells at
mesangial angles have been recently discussed [16, 17]. The
thicker fibrils as shown in Figure 2C could be microfibrils,
composed of amyloid P which is associated on its surface with
fibronectin [18, 19].
Studies in animals have begun to untangle some of the
complex mechanisms involved in the movement of macromol-
ecules into and out of the mesangium. Moreover, ultrastructural
studies with a variety of tracers support the concept of plasmic
flow through the MM. The permeability of the MM is dependent
on a wide variety of determinants, such as pressure, contraction
of mesangial cells and changes of anionic sites. Moreover, pore
size could be one of the determinants of permeability change. It
is well known that macromolecules could more easily pass
through the MM than the GBM [1, 2, 20]. This functional
permeability in the MM is compatible with our ultrastructural
data that the MM had larger pores than those of the GBM (Fig.
2A).
The anionic sites are known to be disributed in the laminae
rarae externa and interna [2 1—231. Caulfield showed that fibrillar
anionic sites ran perpendicularly to the plasma membrane of
podocytes in lamina rara externa [24]. The perpendicularly
arranged fibrils, which could be made of protein backbones of
glycosaminoglycan [25], were also demonstrated, as shown in
Figure 3B. Those perpendicularly arranged fibrils were associ-
ated with podocytes by intramembanous particles which have
been known to behave as basement membrane receptors [26—
29].
Several matrix vesicles were sometimes found within the
MM. The sizes and existence of these vesicles resemble extra-
cellular matrix vesicles found in basement membrane of arteries
[30], or in Bowman's capsule basement membrane 131]. The
relevance of these vesicles is obscure. The role and biochemical
nature of the vesicles in the MM remains to be determined.
The contractility of mesangial cells has been shown in in vitro
studies [32, 33]. Mesangial contraction would be transmitted to
the GBM by mesangial processes directly or by the three-
dimensional meshwork structure of the MM indirectly (Fig.
2B). As the GBM was composed of the compact meshwork
structure, transmitted contractile force would alter the diameter
of the loops to regulate glomerular blood flow.
Thus the present study has elucidated the morphological
background for some of the functions in the mesangium, such as
mesangial lympathic pathway and glomerular contraction. This
quick-freeze and deep-etch method will provide a variety of
new information about inflammation and repair within the
glomerulus.
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